The polarization of the emission from a set of highly strained a-plane GaN/AlN multiple quantum wells of varying well widths has been studied. A single photoluminescence peak is observed that shifts to higher energies as the quantum well thickness decreases due to quantum confinement. The emitted light is linearly polarized. For the thinnest samples the preferential polarization direction is perpendicular to the wurtzite c axis with a degree of polarization that decreases with increasing well width. However, for the thickest well the preferred polarization direction is parallel to the c axis. Raman scattering, x-ray diffraction, and transmission electron microscopy studies have been performed to determine the three components of the strain tensor in the active region. Moreover, the experimental results have been compared with the strain values computed by means of a model based on the elastic continuum theory. A high anisotropic compressive in-plane strain has been found, namely, −0.6% and −2.8% along the in-plane directions ͓1100͔ and ͓0001͔, respectively, for the thickest quantum well. The oscillator strength of the lowest optical transition has been calculated within the framework of a multiband envelope function model for various quantum well widths and strain values. The influence of confinement and strain on the degree of polarization is discussed and compared with experiment considering various sets of material parameters.
The polarization of the emission from a set of highly strained a-plane GaN/AlN multiple quantum wells of varying well widths has been studied. A single photoluminescence peak is observed that shifts to higher energies as the quantum well thickness decreases due to quantum confinement. The emitted light is linearly polarized. For the thinnest samples the preferential polarization direction is perpendicular to the wurtzite c axis with a degree of polarization that decreases with increasing well width. However, for the thickest well the preferred polarization direction is parallel to the c axis. Raman scattering, x-ray diffraction, and transmission electron microscopy studies have been performed to determine the three components of the strain tensor in the active region. Moreover, the experimental results have been compared with the strain values computed by means of a model based on the elastic continuum theory. A high anisotropic compressive in-plane strain has been found, namely, −0.6% and −2.8% along the in-plane directions ͓1100͔ and ͓0001͔, respectively, for the thickest quantum well. The oscillator strength of the lowest optical transition has been calculated within the framework of a multiband envelope function model for various quantum well widths and strain values. The influence of confinement and strain on the degree of polarization is discussed and compared with experiment considering various sets of material parameters. 
I. INTRODUCTION
Among the different approaches proposed for the improvement of III-nitride semiconductor optoelectronic devices, the growth of heterostructures along nonpolar directions of the wurtzite structure ͑a and m planes͒ ͑Ref. 1͒ has already proven to give very good results in terms of efficiency and stability of the optical emission. 2, 3 The many positive consequences of the absence or partial reduction in the internal electric field in nonpolar heterostructures when compared to their polar counterparts include the narrowing of the emission peak, the increase in emission energy, and the lack of blueshift with increasing excitation power. These benefits are especially relevant for improving the optical characteristics of wide quantum wells ͑QWs͒, 4,5 quantum dots ͑QDs͒, 6 and quantum wires. 7 Another interesting property that stands out in nonpolar structures is their linear optical polarization, arising from the fact that the c axis of the wurtzite crystal lies in the growth plane. This anisotropy, inherent in bulk, can be tuned to some extent by the control of strain and confinement [8] [9] [10] [11] [12] [13] and has been proposed for the realization of polarization-sensitive photodetectors. 14 So far, most of the optical studies on nonpolar nitride heterostructures have reported a preferential polarization perpendicular to the c axis ͑hereafter denoted as positive polarization͒ and a linear degree of polarization ͑DOP͒ close to unity, in agreement with theoretical predictions that take into account the complexity of the wurtzite band structure and the anisotropic strain present in the material. [11] [12] [13] [14] A partial loss of polarization has been observed in confined systems and attributed to the mixing of valence-band states due to quantum confinement. 6, [11] [12] [13] Most notably, a preferential polarization of the spontaneous emission parallel to the wurtzite c axis has been reported in a-plane QD superlattices. 15 This results in a negative degree of polarization that has been ascribed to the combined effect of large values of strain and anisotropic confinement due to the elongated shape of the QDs.
In this work we analyze the emission of a series of highly strained GaN/AlN multiple QWs with various well thicknesses grown along the ͓1120͔ direction of the wurtzite structure ͑a plane͒. The degree of polarization, determined by polarized photoluminescence measurements, is found to decrease with increasing QW thickness, changing sign from positive to negative for a 16-nm-thick QW. To identify the physical conditions that lead to the observed polarization reversal, great care has been taken to determine the anisotropic strain state of the active layers. Combined Raman scattering, transmission electron microscopy ͑TEM͒ and x-ray diffraction ͑XRD͒ studies reveal out-of-plane expansion as high as 1.5%, comparable to those reported for a-plane QDs in Ref. 15 . These strain values are significantly larger than in previously studied GaN QWs and films, characterized by strains in the 0.04-0.4 % range. 16 Our results demonstrate that a polarization reversal may take place even in the absence of anisotropic confinement. The role of QW confinement and anisotropic strain in the determination of the character of the valence bands and, consequently, on the polarization of the emission, is analyzed with the aid of theoretical calculations in the framework of an eight-band envelope function model. A discussion of the influence of the values of the material parameters on the theoretical results is also presented.
by NOVASiC. As first step a 50 nm AlN buffer layer was deposited on the substrate. Subsequently, a 5 period multiple QW consisting of GaN wells of thickness d and ϳ10 nm AlN barriers was grown, with d = 2, 4, 8, and 16 nm. Growth was performed at 750°C, in N-rich conditions, leading to the observation of a streaky reflection high-energy electron diffraction pattern, characteristic of smooth ͓1120͔ AlN and GaN surfaces. 17 A schematic of the crystallographic orientation of the samples is shown in Fig. 1 . The sample growth direction ͓1120͔ is labeled as x while y and z denote the in-plane ͓1100͔ and ͓0001͔ directions, respectively.
Photoluminescence ͑PL͒ measurements were performed using the frequency-doubled line ͑244 nm͒ of an Ar + -ion laser as excitation source. A spectrometer of 0.19 m focal length with 2400 grooves/mm grating and a Si chargecoupled-device detector were used to disperse and detect the PL signal. The spectral resolution was in the range of 3 meV. The samples were mounted in a closed-cycle He cryostat and the temperature was adjusted between 10 K and room temperature. The experiment was performed in backscattering geometry with the wave vector of the emitted light along x. The linear polarization components of the emission along y͑E Ќ c͒ and z͑E ʈ c͒ were measured by keeping a linear polarizer fixed in front of the spectrometer entrance and rotating the samples by means of a special holder. In this way corrections due to the spectral response of the spectrometer were avoided.
Given the decisive influence of strain on the optical properties of the samples, it is of major concern to assess the state of anisotropic strain of the GaN/AlN heterostructures. This has been done with an array of experimental techniques, namely, Raman scattering, TEM, and XRD. For -Raman measurements a Jobin-Yvon T64000 triple spectrometer was used. All measurements were performed at room temperature and in backscattering geometry. The 514.53 nm line of an Ar + -ion laser was the excitation source. A 100ϫ microscope objective ͑NA= 0.90͒ was used to focus the light on the sample and collect the signal directly to the spectrometer stage through an edge filter. A linear polarizer and a / 2 plate were used to perform measurements in crossed and parallel polarization configurations. The excited area on the sample was about 1 m 2 and the incident power density was kept in the 10 5 W / cm 2 range to avoid sample heating. TEM experiments were carried out on a Jeol 4000EX microscope ͑Cs= 1 mm͒ operated at 400 kV. Cross-sectioned samples were prepared by mechanical polishing followed by ion milling ͑PIPS Gatan equipment͒. X-ray diffraction experiments were performed using a SEIFERT XRD 3003 PTS-HR diffractometer with a beam concentrator prior to a Ge ͑220͒ two-bounce monochromator and a 0.2°long plate collimator in front of the detector. The symmetrical ͑1120͒ reflection, as well as the off-axis ͑1122͒ and ͑3030͒ reflections ͑in incident and grazing incidence͒ were measured for the determination of the lattice parameters.
In addition to the experimental determination of the strain, it is also interesting to obtain an initial estimate by means of a simple model based on the elastic continuum theory. In this model, the AlN buffer layer and multiple QW structure is assumed to form a coherent free-standing multilayer with the same in-plane lattice parameters throughout the whole structure. Consequently, we have not taken into account the possibility of a significant plastic relaxation. It should be noted that this hypothesis is fully supported by TEM observations reported later in the present work. By imposing the condition of minimum elastic energy under the above assumptions, the coherent in-plane lattice parameters and strain components of the planar GaN/AlN heterostructure can be obtained easily. In the calculations we have referred all the results to the system of axes described in Fig. 1 The electronic structure of the MQW samples has been analyzed by means of an eight-band envelope function model, that includes the strain influence through the electronic deformation-potential ͑Bir-Pikus͒ theory. 18, 19 The quantum confinement is introduced through the offset between GaN and AlN valence-band edges ͓VBO = 0.5 eV ͑Ref. 20͔͒. For computational convenience the multiple QW is treated as an infinitely periodic superlattice so that the envelope function can be expanded in plane waves. Due to the high barriers in the GaN/AlN system, no electronic interwell coupling is observed in the calculations, and we are thus confident that the results so obtained for the lowest ͑highest͒ conduction ͑valence͒ band states are representative of the finite multiple QW investigated experimentally. Given the negligible barrier penetration, we have taken the GaN parameters for the whole structure. Nevertheless, a critical point hampering this kind of calculations is the lack of consensus on a reliable set of Luttinger-type parameters A i and deformation potentials D i . 21 The situation is worsened by the fact that some results, as will be shown below, seem to be very sensitive to those parameters. To illustrate this, the calculations have been performed considering two sets of parameters. The first set ͑Set 1͒ is taken from Ref. 19 . The origin of the values is diverse, but in general they have been obtained by fitting various optical spectra, always resorting to the quasicubic approximation. The A i subset is very similar to the set of values recommended in Ref. 21 and is widely used in theoretical calculations. On the other hand, the second set of parameters ͑Set 2͒ is taken from a recent fit of bulk bandstructure state-of-the-art ab initio calculations by means of the eight-band k · p model. 22, 23 To disentangle the interband hydrostatic deformation potentials reported in Ref. 23 ͑a cz − D 1 = −5.81 eV and a ct − D 2 = −8.92 eV͒ into its conductionand valence-band contributions, we have fixed the conduction-band deformation potentials to the value reported in Ref. 24 for cubic GaN, so that a cz = a ct = −4.59 eV. The main features of Set 2 are its internal consistency and the fact that no use of the cubic approximation has been made.
From the calculated conduction-and valence-subband structures, we are particularly interested in the interband transition energies and wave functions at ͑k y , k z ͒ = ͑0,0͒. These wave functions are generally written as eightcomponent spinors, ⌿ = ͚ j F j ͑x͉͒u j ͘, where F j ͑x͒ are the envelope functions and ͉u j ͘ run over the eight Bloch functions used as a basis in the theoretical model, ͉S , ͘, ͉X , ͘, ͉Y , ͘, ͉Z , ͘, = ↑ , ↓. The polarization-dependent oscillator strengths are then given by ͑Ref. 10͒,
͑1͒
Here, the labels ͑c͒ and ͑v͒ refer to the lowest conductionband and highest valence-band confined states, respectively. The polarization features of the measured luminescence are compared below with the theoretical degree of polarization,
Finally, we would like to notice that excitonic effects, not taken into account in our calculations, will surely change the optical transition energies, but they are not expected to appreciably modify the oscillator strengths.
III. RESULTS AND DISCUSSION
Low-temperature PL spectra of the four samples studied are shown in Fig. 2͑a͒ . For each sample the spectra corresponding to polarization components perpendicular and parallel to the c axis are plotted. The intensity of each set of spectra has been rescaled at convenience to improve the legibility of the figure. As the QW thickness increases, the expected redshift of the emission peak is observed as a result of decreasing quantum confinement, with no trace of the Stark effect characteristic of QWs grown along the c axis. This shift is shown in the inset together with the theoretical calculations of the lowest-energy optical transition. It is reasonable that the experimental data lie below the theoretical calculations since the exciton binding energy is not taken into account. Furthermore, a Stokes shift is expected due to QW thickness fluctuation. Recently, Badcock et al. 13 reported that the combined effect of excitonic binding energies and Stokes shift lead to a shift in the range of 50-100 meV for a-plane GaN/ Al 0.18 Ga 0.82 N QWs. Although precise estimation of these effects is difficult to make in our case, we expect them to lie in the same range. Indeed, the inset in Fig. 2͑a͒ illustrates that experimental results can be reasonably fitted by shifting the calculations by 100 meV. Additionally, we observe that the width of the emission decreases from 240 meV for the 2 nm QW to 100 meV for the 16 nm sample. This trend is also characteristic of inhomogeneous broadening due to fluctuations in QW width and strain. In any case, as expected from the lack of internal electric field, the width is considerably smaller than that reported for 2-nm-wide c-plane GaN/AlN QWs, 25 which is around 350 meV.
The most relevant feature of the spectra is related to the evolution of the polarized components of the PL with QW width. The emission of the 2 nm QW is dominated by E Ќ c component. As the QW width increases, the relative intensity of the E ʈ c polarization increases, and for the 16 nm QW this component eventually dominates the emission. Besides, in the E ʈ c polarization the emission is shifted between 15 and 25 meV to higher energies in comparison to the E Ќ c polarized PL spectrum. To quantify the degree of polarization we introduce the quantity DOP= ͑I y − I z ͒ / ͑I y + I z ͒, where I y and I z are the integrated intensities for the emission polarized perpendicular and parallel to the c axis, respectively. The values of DOP corresponding to the PL spectra of Fig. 2͑a͒ are shown in Fig. 2͑b͒ ͑dots͒. The DOP decreases as the QW width is increased, starting from large positive values ͑0.7 for the 2 nm QW͒ and showing a clear sign reversal ͑−0.3͒ for the 16 nm well. Identical results were obtained after exciting the PL on another spot on the sample and by measuring the emitted light by means of a different setup ͑0.46 m spectrometer focal length, 600 grooves/mm gratings, and a / 2 plate͒. Small differences in the DOP obtained in both measurements are taken into account in the error bars of Fig.  2͑b͒ . Additionally, temperature-dependent PL measurements indicate that the DOP weakly depends on the temperature. This is an indication that it is not significantly affected by localization that is likely to occur in QW structures at low temperature. At first glance the observed trend is quite unexpected. An increase in the quantum well width from 2 to 16 nm reduces considerably the quantum confinement effects. Consequently, polarization values close to those found in bulk ͑ϳ1͒, could be intuitively foreseen. As we will see later in the discussion, the dominant influence of strain over confinement on the character of the valence bands plays against this simple picture.
The two samples containing the 2 and 16 nm QWs have been studied by TEM along both ͓1100͔ and ͓0001͔ zone axes. Low magnification images ͑see Fig. 3͒ have revealed the anisotropic morphology of the QWs, which appear wavy, 17 with undulations starting from the first AlN/GaN interface. Due to the absence of correlation in the rugosity of successive AlN layers, the width of the QWs varies, up to 20%. For the two samples, high-resolution TEM ͑HRTEM͒ images were taken along both zone axes ͑see in Fig. 4 images taken along ͓0001͔ zone axis͒ and analyzed with the geometrical phase analysis ͑GPA͒ method 26 in order to get the lattice parameters c, a x , and a y and therefore the strain maps at the atomic scale. Analysis of the ͑0002͒ reflection did not show any difference between c parameters of SiC, AlN ͑either in the buffer or the multiple QW͒, and GaN. Therefore we conclude that c GaN = c AlN = 0.504 nm, which is the value reported for c / 3 of bulk SiC. Values of a x and a y were obtained from images taken along the ͓0001͔ zone axis that allowed the evaluation of the various strain tensor components. No significant difference was detected for a y between AlN and GaN either, and the values were checked to satisfy the Poisson relation. The corresponding values of the strain components for GaN were found to be xx = 1.6%, yy = −2.5%, and zz = −2.8% for the 2 nm QW, and xx = 1.0%, yy = −0.6%, and zz = −2.8% for the 16 nm QW. These values were obtained with accuracy of 0.1%. GPA analysis indicates that the influence of QW thickness fluctuations on these strain values is negligible. The data show a marked relaxation of yy as the width of the QW increases while the value of zz remains constant. It should be mentioned at this stage that anisotropic morphology is commonly observed in nonpolar AlN ͑Refs. 27 and 28͒ and AlN/GaN heterostructures 17 grown on a-plane SiC substrates. Such an anisotropic morphology is assigned to the anisotropic strain state of AlN ͑⌬a / a = −1.00% , ⌬c / c = +1.17%͒ and GaN ͑⌬a / a = −3.39% , ⌬c / c = −2.81%͒ with respect to a-plane SiC, which accordingly leads to an anisotropic strain relaxation mechanism. As a matter of fact, it has been found that a-plane AlN layers grown on a-plane SiC were almost fully strained along both ͓0001͔ and ͓1100͔ directions for thicknesses up to at least 100 nm. 29 In the present case, conventional XRD analysis of the samples allowed one to determine the in-plane lattice parameters a y and c of the AlN buffer layers. Results show that for all the samples the AlN buffer layer is strained by the SiC substrate. Along the y direction it is partially compressed by the SiC giving place to a ⌬a / a between −0.5% and −0.8%. Along the c axis it is totally expanded to the SiC value, yielding to a ⌬c / c of +1.17%, consistent with the further experimental evidence that the c parameter for both multiple QWs studied by TEM was equal to that of SiC.
Raman-scattering experiments were performed to determine the orientation of the c axis on the sample surface prior to PL measurements and to analyze the evolution of strain in the samples. The selection rules are very well fulfilled in all samples and allow the clear assignment of the various modes for GaN and AlN. All modes attributed to GaN are strongly blueshifted ͑circa 30 cm −1 ͒ with respect to their relaxed bulk values, 30 as a consequence of the compressive in-plane strain in the GaN layers. The AlN barriers, on the other hand, experience a smaller tensile strain evidenced by a redshift of around 5 cm −1 of the phonon modes. Separate modes corresponding to the AlN barriers and buffer could only be resolved for d = 16 nm. The evolution of the frequency of the phonon modes is shown in Fig. 5 as a function of quantum well width. As d increases there is a small but clear shift of the modes to lower frequencies, that is, toward their relaxed values, evidencing a progressive relaxation of strain in thicker QWs. We have quantified the values of the strain tensor from the frequency of the E 2h and A 1 ͑TO͒ phonon modes. The choice of this pair of modes is justified by the analysis of the relative values of the GaN deformation potentials. 31 The phonon mode frequencies have been related to strain through the deformation-potential approximation, ⌬ = a͑ xx + yy ͒ + b zz , where ⌬ is the frequency shift with respect to the unstrained value 30 and a and b the phonon deformation potentials. 31 Finally, assuming that the structure grows stress free along ͓1120͔ and using the Poisson relation, it is possible to obtain values of the three diagonal strain tensor components. It should be emphasized that this procedure is fully justified by TEM results where in-plane and out-of-plane lattice parameters are found to be consistently related through the Poisson's relationship. The strain values derived from the analysis of the Raman spectra are plotted in Fig. 6 As commented earlier, the anisotropic relaxation observed experimentally may be understood to some extent by considering the high energy necessary for the activation of pyramidal slip systems along ͓0001͔, in ͓1120͔ oriented AlN. 29 Based on a similar model as the one described in the Appendix, it is possible to calculate the elastic influence of the SiC substrate on the superlattice strain state. Inclusion of a SiC layer effectively decreases the value of zz of the GaN well toward the GaN-SiC lattice mismatch ͑−2.8%͒. However, the effect of this layer on yy is even larger since the lattice mismatch along y is as large as −3.4%.
We turn now our attention to the effect of strain and confinement on the polarization of the optical transitions. It is well known that the upper most valence bands of wurtzite GaN are mainly constructed from atomic p x , p y , and p z orbitals. At the ⌫ point the topmost valence band ͑heavy-hole band͒, presents p x Ϯ ip y atomic character so that it can be described by ͉X Ϯ iY͘ Bloch wave functions. 18 Taking into consideration the spin-orbit coupling, the second ͑light hole, LH͒ and third ͑split-off crystal-field hole, CH͒ bands couple together. As a result, besides p x and p y character, the LH band presents a small p z contribution ͑its Bloch function has a small ͉Z͘ component͒. Conversely, the CH band presents a predominant p z character with a small contribution from p x , and p y orbitals. Optical transitions involving these three valence bands are usually denoted as A, B, and C excitons, in order of increasing energy. Due to the character of the corresponding valence bands, the emission originated by the recombination of these excitons will be strongly polarized along the c axis only for exciton C. Therefore, the polarization dependence of the oscillator strength can be strongly altered not only by strain but also by confinement. For analyzing the relative importance of these effects we have used the model presented in Sec. II to compute the polarization components of the oscillator strength of the lowest-energy interband transition, f ␣ ͓see Eq. ͑1͔͒, as a function of strain for both bulk GaN and the 2 nm GaN/AlN quantum well sample. Only the in-plane strain components, yy and zz , are varied, and following the discussion above, the strain component along the growth direction, xx , is obtained through Poisson's equation. For these calculations, the material parameters of Set 1 have been used. The results are displayed in Fig. 7 for bulk GaN and the 2 nm QW. The oscillator strength represented corresponds to the lowest-energy transitions polarized along y ͑f y ͒ ͓͑a͒ and ͑c͔͒ and along z ͑f z ͒ ͓͑b͒ and ͑d͔͒. Surprisingly, bulk and QW oscillator strengths are almost identical provided that yy Ͻ −0.5%, as it is the case in our samples, indicating negligible influence of the confinement for this set of parameters. We have checked that, as expected, this similarity increases for thicker QWs. As pointed out by Yamaguchi 32 in the special case of isotropic in-plane strain, this can be attributed to the similar values taken by the valence-band Luttinger-type parameters A 4 and A 5 . The analysis of the figure indicates that the emission would be polarized along the c axis provided that the compression along z is large while the one along y is sufficiently small. As shown in Fig. 6 , Raman, TEM, and XRD measurements reveal that these conditions are fulfilled only for the 16 nm QW. Consequently, the theoretical calculation would predict a negative degree of polarization ͑DOP͒ th Ͻ 0 ͓see Eq. ͑2͔͒ for the emission of this sample. On the contrary, the emission of thinner QWs, subject to larger compression along y, is predicted to be polarized perpendicular to the c axis ͓positive ͑DOP͒ th ͔. The conditions required for a negative DOP and the influence of strain can be better appreciated in Fig. 8͑a͒ , where we have plotted the ͑DOP͒ th of a 16 nm QW as a function of in-plane strain, together with the values of strain determined by TEM for the 2-nm-and 16-nm-thick QWs. The contour lines ͑DOP͒ th = 0, corresponding to unpolarized emission, is marked in white and separates negative ͑upper left corner, red online͒ from positive ͑DOP͒ th ͑blue online͒. We can appreciate that the polarization sign reversal takes place smoothly, since the change from 0.8 to −0.8 covers a large range of strain. This ensures a gradual change in polarization as the strain in the QWs is relaxed, in very good accordance with PL experiments that indicate a slow change in the DOP as a function of QW thickness.
Nevertheless, the validity of this analysis may change depending on the values of the material parameters used in the model. With the aim of giving a glimpse of these changes, a similar ͑DOP͒ th contour map was obtained by using the parameters of Set 2 ͓Fig. 8͑b͔͒. There are two main differences when compared with the results of Set 1. First, the line that marks the polarization reversal shifts considerably toward larger ͑in absolute value͒ yy ͑smaller zz ͒ for Set 2. As a consequence, the strain characteristics of QWs with thicknesses of 4, 8, and 16 nm would lead to a negative ͑DOP͒ th , in clear disagreement with the experimental evidence. Second, the polarization sign reversal takes place very abruptly when the parameters of Set 2 are used, a prediction inconsistent with our PL measurements. This difference between the calculated ͑DOP͒ th of Sets 1 and 2 is attributed to the smaller absolute value of the deformation potentials used in Set 1. For a better comparison of our PL results with the theory we have plotted in Fig. 2͑b͒ the ͑DOP͒ th calculated with parameters from Sets 1 and 2. In these calculations the QW width has been kept constant to 16 nm and strain corresponds to that determined by TEM. The error bars on the calculated points reflect changes due to the uncertainties in the determination of strain. Similarly as in the experiment, the DOP calculated with the parameters of Set 1 changes gradually from positive to negative values. The calculations performed with Set 2 predict a very abrupt change in the DOP, in disagreement with our PL results. As a matter of fact the general conclusions obtained with other sets of parameters 10, 21 are very similar to those of Set 2: they display an abrupt sign reversal and, as in Set 1, negligible confinement effects. Only the parameters of Ref. 33 reflect a strong dependence of the polarization on QW width, which is attributed to the large difference between the valence-band parameters A 4 and A 5 . Analysis of the higher-energy optical transitions also reveals important differences between results of Set 1 and Set 2, that are specially relevant in the region of strain characteristic of the 16-nm-thick QW ͑ zz = −2.8% and yy = −0.6%͒. For Set 1 the fundamental and first excited transitions, separated by 12 meV, have opposite dominant character ͑p z and p y , respectively͒. On the contrary, for Set 2 both transitions have the same character, p y , and it is not until the fourth excited transition, 100 meV apart, that we find the experimentally observed p z character. From our calculations it is clear that the character of the transitions is very sensitive to the values of the deformation potentials chosen. With this respect, it is important to remind that, as indicated in Sec. II, the values of D 1 and D 2 used in this work for Set 2 are extracted from those reported in Refs. 22 and 23 by fixing the conduction-band deformation potentials to −4.59 eV, adequate for GaN with cubic symmetry. Our result should encourage the scientific community to provide reliable independent values of the conduction-and valence-band deformation potentials. Finally, we would like to point out that the influence of the out-of-plane strain component, xx , on the polarization characteristics is much smaller than that of yy and zz . Changes of 10% in the value of xx resulted in variations of only 0.1% in the DOP. A complete study of the strain state of a sample with special care in the determination of the inplane strain tensor components is therefore essential to relate electronic states and strain characteristics.
IV. CONCLUSIONS
In this paper we have studied the polarized emission and strain state of a-plane GaN/AlN multiple QWs with well thickness ranging from 2 to 16 nm. It is shown that the degree of polarization gradually decreases from 0.7 for the thinnest QW to −0.3 for the 16 nm well. A combined analysis performed by XRD, Raman, and TEM shows that the value of the zz strain component is determined by the SiC substrate and does not change appreciably in the different samples, taking a value of −2.8%. The relaxation along the y axis is larger. The yy compression decreases from −2.5% for the 2 nm sample to −0.6% for the thickest QW while expansion along the growth direction x was found to fulfill the Poisson relation. The oscillator strength of the different polarization components was analyzed by means of an eightband k · p model and using two different sets of parameters. Our results indicate that the character of the lowest-energy transition is independent of the QW width. Indeed, it is the value of zz and yy strain tensor components which determine the degree of polarization while variations in xx have a minor effect. Negative values of polarization are obtained when compression along z is large while that along y is considerably smaller. These requirements are confirmed by comparison of the calculations with the experimental strain and polarization of our samples. Calculations made using the parameters of Set 1 ͑Ref. 19͒ reproduce the evolution of the polarization measured for the different samples to a better extent than other sets that result in a negative polarization for three of the samples, in contradiction with the observations.
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APPENDIX: ELASTIC MODEL OF STRAIN
Our theoretical model for the strain considers a multilayer system composed of alternated layers of two materials with hexagonal symmetry, labeled as k =1,2, with bulk lattice parameters ͑a k , c k ͒ and elastic constants C ij ͑k͒ . The c axis of both materials is parallel and lies on the layer planes. The lattice mismatches between both materials are defined as follows: 
Note that, as expected, the equilibrium lattice parameters can be written as a weighted combination of the constituent bulk lattice constants. Nevertheless, the corresponding weights are given by nontrivial expressions involving the thicknesses d k the elastic constants C ij ͑k͒ , and the mismatches a and c . This is in contrast with some crude approximations that substitute those weighting factors by the relative volumes of both constituents, i.e., K k ͑a͒ = K k ͑c͒ = Since the structure is assumed to be stress free along the x ʈ ͓1120͔ direction, it is possible to obtain the out-of-plane strain component by using the Here a x ͑k͒ denotes the out-of-plane equilibrium lattice parameter in material k.
